The neuregulin 3 gene (NRG3) plays pleiotropic roles in neurodevelopment and is a putative susceptibility locus for schizophrenia. Specifically, the T allele of NRG3 rs10748842 has been associated with illness risk, altered cognitive function, and the expression of a novel splice isoform in prefrontal cortex (PFC), but the neural system effects are unexplored. Here, we report an association between rs10748842 and PFC physiology as measured by functional magnetic resonance imaging of human working memory performance, where a convincing link between increased genetic risk for schizophrenia and increased activation in some PFC areas has been established. In 410 control individuals (195 males, 215 females), we detected a highly significant effect of NRG3 genotype manifesting as an unanticipated increase in ventrolateral PFC activation in nonrisk-associated C allele carriers. An additional analysis including 78 patients with schizophrenia spectrum disorders (64 males, 14 females) and 123 unaffected siblings (53 males, 70 females) revealed a whole-brain significant genotype by group interaction in right dorsolateral PFC (DLPFC), manifesting as a relative activation increase in healthy controls and siblings (C Ͼ T/T) and as a hypoactivation in patients (T/T Ͼ C). These observed genotype-dependent effects in PFC were not explained by task performance and did not conform to established locales of prefrontal inefficiency linked to genetic risk for schizophrenia. Our data indicate a complex modulation of brain physiology by rs10748842, which does not fit the simple inefficiency model of risk association in DLPFC and suggests that other neurobiological mechanisms are involved.
Introduction
Neuregulin 3 (NRG3) is a neuronal-enriched growth factor and a specific ligand for the ErbB4 receptor kinase that plays pleiotropic roles in brain development and plasticity. Similar to its paralogue NRG1, it is central for the development of the embryonic cerebral cortex by regulating the proliferation, differentiation, and migration of neural progenitor cells (Carteron et al., 2006) . Several studies have linked genetic variation in the NRG3 gene (NRG3) to a heterogeneous group of neurodevelopmental disorders, including developmental delay, cognitive impairment, and psychiatric illness (Balciuniene et al., 2007) . In particular, evidence has accumulated for an association of NRG3 with schizophrenia. To date, several linkage studies have implicated the genomic region of NRG3 (10q22-q23) as a schizophrenia susceptibility locus Faraone et al., 2006; Xu et al., 2009) . Fine mapping of NRG3 has identified genome-wide significant association between delusion severity and polymorphisms in an ultraconserved region of linkage disequilibrium in intron 1, proxied by rs10748842 (Chen et al., 2009 ). In our prior work (Kao et al., 2010) , we confirmed the association of rs10748842 with schizophrenia and demonstrated that a potential molecular mechanism of risk involves elevated expression of a novel NRG3 splice isoform in the prefrontal cortex (PFC). Emerging support also comes from behavioral studies demonstrating that variants in allelic identity with rs10748842 impact cognition in schizophrenia patients and healthy controls (Morar et al., 2011; Meier et al., 2013) .
In recent years, the investigation of genetic associations with neuroimaging phenotypes has emerged as a popular research strategy for elucidating neural system mechanisms of established clinical genetic associations, partly because of the prediction that genes are more penetrant at the level of brain physiology than at clinical diagnosis (Hariri and Weinberger, 2003) . This implicates that risk-associated alterations in brain function can be identified in healthy risk allele carriers and that the phenotype can be compared with that of a clinical sample even if the examined variant is not statistically enriched in patients. The approach aids in the search for disease mechanisms provided that a given phenotype is heritable and its link to increased genetic risk for the illness has been convincingly established, e.g., by evidence of similar abnormalities in healthy relatives of affected patients (Rasetti and Weinberger, 2011) . A well characterized example is alterations in dorsolateral PFC (DLPFC) activation during working memory, which has been reliably observed in schizophrenia patients, their unaffected first-degree relatives, and healthy carriers of genetic risk variants for the disorder (Rasetti and Weinberger, 2011), whereby greater activation of the DLPFC (for a fixed level of performance) has been identified as an indicator of prefrontal physiological inefficiency related to genetic risk (Callicott et al., 2003a) . DLPFC [Brodmann area (BA) 46 and 9] and ventrolateral PFC (VLPFC; BA 44 and 45) play different roles in spatial working memory, with DLPFC controlling the maintenance and manipulation of working memory contents and VLPFC assisting in content selection and the inhibition of irrelevant information (Aron et al., 2003; Koechlin et al., 2003) .
Here, we report an association between rs10748842 and brain physiology as measured by functional magnetic resonance imaging (fMRI) examination of working memory performance, an established intermediate phenotype for schizophrenia that maps to the DLPFC (Callicott et al., 2003a) . We hypothesized that the NRG3 risk-associated genotype would map to DLPFC regions of inefficiency associated with increased risk for schizophrenia, as observed previously for other genes [e.g., GRM3 (Egan et al., 2004) , KCNH2 (Huffaker et al., 2009 ), miR-137 (van Erp et al., 2013 ]. We observed strong effects of rs10748842 on VLPFC and DLPFC function; however, they did not map to regions showing an association with increased genetic risk. Our results suggest a complex relationship between NRG3, schizophrenia, and prefrontal cortical function.
Materials and Methods
Subjects. Participating subjects were recruited as part of the NIMH Clinical Brain Disorders Branch "Sibling Study," an ongoing investigation of neurobiological abnormalities related to the genetic risk for schizophrenia (protocol 95-M-0150; principal investigator, Daniel R. Weinberger). A total of 611 subjects were studied: 410 healthy volunteers (195 males, 215 females), 78 individuals with Diagnostic and Statistical Manual of Mental Disorders, fourth revision (DSM-IV) schizophrenia spectrum disorder (64 males, 14 females), and 123 healthy siblings of schizophrenia patients (53 males, 70 females). Only Caucasians of self-identified European descent were studied to minimize population stratification artifacts. All participating subjects were 18 -55 years of age, above 75 in IQ, and able to give informed consent. Other specific exclusion criteria included significant medical or neurological problems, history of head trauma, and prior alcohol or drug abuse. Structured clinical interviews for DSM-IV were acquired by qualified raters, including research psychiatrists, to verify the presence or absence of a lifetime history of psychiatric illness. Diagnostic discrepancies were resolved in conference. None of the healthy volunteers had a first-degree relative with a schizophrenia spectrum disorder or received psychotropic pharmacological treatment. Patients with schizophrenia were on a stable regimen of antipsychotic medication (classical neuroleptics or atypical antipsychotics). None of the siblings had a current or past psychiatric history of schizophrenia spectrum disorders or received psychotropic pharmacological treatment. All participants provided written informed consent for a protocol approved by the NIMH Institutional Review Board.
Genotyping procedures. We used standard methods to extract DNA from white blood cells with the Puregene DNA purification kit (Gentra Systems). Genotypes for single-nucleotide polymorphisms in the first intron of NRG3 (rs10748842 and rs6584400) were determined with the Taqman allelic discrimination assay (details available on request). The observed genotype distributions did not deviate from Hardy-Weinberg equilibrium ( 2 ϭ 4.31, p Ͼ 0.1). As expected (Kao et al., 2010; Morar et al., 2011) , rs10748842 and rs6584400 genotypes proved to be in near allelic identity (DЈ ϭ 0.97, r 2 ϭ 0.73 p Ͻ 0.001). Thus, rs10748842 genotypes were used as a proxy for both markers in subsequent imaging genetics analyses. Based on our previous expression work on this variant showing differences in expression between C carriers and TT homozygote individuals (Kao et al., 2010) , and on the low frequency of the rs10748842 C allele in Caucasians (0.09), C/C and C/T individuals were merged for all analyses. Genotype groups did not significantly differ with respect to age, sex, education, handedness, and task performance. Moreover, in patients, no genotype-dependent differences were observed in measures of chlorpromazine equivalents (CPZEs), symptom severity, and global functioning. Patient genotype groups did differ in measures of IQ, a variable controlled for in subsequent fMRI analyses. Details on the subjects' demographics and task performance stratified by NRG3 genotype and diagnosis are provided in Table 1 .
N-back working memory task. Brain function was studied with fMRI and a well established n-back working memory paradigm that robustly engages the prefrontal cortex (Callicott et al., 2003a; Nixon et al., 2011) . In this block-designed task, a series of visual stimuli (numbers one to four) are displayed on a screen in a random order at set locations in a diamond-shaped box (fixed stimulus presentation time, 500 ms; interstimulus interval, 1500 ms). Participants responded to each stimulus via a MRI-compatible button box with four buttons arranged in the same configuration as the stimuli presented on the screen. In the 2-back condition, subjects were asked to encode the currently seen number, simultaneously recall the number seen two presentations previously, and press the button corresponding to the position of the number two presentations previously. During the control condition (0-back) subjects were asked to press the button corresponding to the position of the current number presentation. The task was presented in eight blocks of 30 s each, with alternating epochs of 0-back and 2-back conditions. fMRI data acquisition and processing. fMRI data were acquired on a 3 tesla whole-body scanner (GE Signa) using a gradient-echo echoplanar imaging sequence with the following specifications: 24 axial slices; 6 mm thickness; voxel dimension, 3.75 ϫ 3.75 mm; TR, 2000 ms; TE, 30 ms; 90°f lip angle; 24 cm field of view; 64 ϫ 64 matrix. Images were processed as detailed previously (Rasetti et al., 2011) using standard procedures in SPM5 (http://www.fil.ion.ucl.ac.uk/spm/). Briefly, all images were realigned to the first image of the scan run, spatially normalized into standard Montreal Neurological Institute (MNI) stereotactic space, and smoothed with an 8 mm full-width half-maximum Gaussian filter. Quality control included visual inspection of the data and the analysis of parameter estimates for ghosting artifacts, signal-to-noise ratios, signal variance, and head motion.
Data analysis. The processed images were analyzed in a two-level procedure. At the first level, separate general linear models were specified for each subject by modeling the alternating task conditions as a box-car reference vector that was convolved with the SPM5 standard hemodynamic response function. The six head-motion parameters from the realignment step were included as nuisance covariates into the model. At the model estimation stage, the data were high-pass filtered with a cutoff of 128 s, and an autoregressive model was applied. Individual linear contrast images of the 2-back Ͼ 0-back conditions were subsequently computed and entered in second-level group analyses. Specifically, the effects of NRG3 genotype were examined in a summary statistic procedure using general linear models in SPM5 with random-effects group statistics as detailed previously (Rasetti et al., 2011) . We first tested for a simple main effect of NRG3 rs10748842 genotype on prefrontal physiology in healthy volunteers using a multiple regression model with NRG3 genotype (T/T homozygotes, C allele carriers) as a covariate of interest and age, sex, and n-back task performance (percentage correct responses) as nuisance covariates. Then, to explore possible genotype by diagnosis interaction effects, we tested an ANCOVA model with diagnosis (control, sibling, patient) and NRG3 genotype (T/T homozygotes, C allele carriers) as factors of interest and age, sex, n-back task performance, and IQ as nuisance covariates.
Statistical inference. Prior evidence with this task suggests a relatively stronger "inefficiency signaling" in the DLPFC of the right hemisphere in schizophrenia patients and individuals at genetic risk for the disorder (for review, see Rasetti and Weinberger, 2011) . Accordingly, significance was measured at p Ͻ 0.05 family-wise error (FWE) corrected for multiple comparisons at the voxel level in an a priori defined anatomical mask of the right DLPFC derived from the Wake Forest University Pickatlas toolbox (http://www.fmri.wfubmc.edu). The mask included cortical gray matter areas that corresponded to the equivalents of BA 9 and 46 in the MNI template space. Outside this prehypothesized region of interest (ROI), findings were considered significant if they passed a significance threshold of p Ͻ 0.05 FWE corrected for multiple comparisons across the whole brain.
Results
There were no differences in performance accuracy or reaction time based on genotype for any of the diagnostic groups of subjects (Table 1) . Thus, physiologic differences presumably reflect how the cognitive information is handled in brain and not how individuals perform on the task. Consistent with prior studies, we detected effects of increased genetic risk in healthy siblings in the contrast "controls Ͻ siblings" that conform to established models of prefrontal inefficiency linked to genetic risk for schizophrenia (MNI: x ϭ 48, y ϭ 0, z ϭ 42; T ϭ 3.2; P FWE ϭ 0.1, corrected within DLPFC ROI). The locales within DLPFC showing this effect are similar to those highlighted in previous studies. While this effect closely approached but did not survive stringent familywise error correction in this sample, given the ample prior evidence for this association, the adopted significance threshold is likely excessive.
Our first test of genotype involved the effects of rs10748842 on prefrontal cortical physiology in healthy individuals. We observed highly significant and regionally specific effects of NRG3 genotype on right VLPFC function, whereby during working memory, greater activation was observed in rs10748842 minor allele (C) carriers compared with risk-associated T allele homozygotes (MNI: x ϭ 39, y ϭ 33, z ϭ Ϫ3; T ϭ 4.8; P FWE ϭ 0.008, whole-brain corrected; Fig. 1A ). This finding was counter to our hypothesis. We then performed an analysis that included all groups, i.e., healthy controls, unaffected siblings, and patients with schizophrenia. Whereas this combined group analysis did not identify a main effect of genotype, it revealed a highly significant genotype by group interaction in right DLPFC physiology in a separate locale (MNI: x ϭ 33, y ϭ 39, z ϭ 15; T ϭ 4.6; P FWE ϭ 0.016, whole-brain corrected; Fig. 1C ). The extracted peak signals in right DLPFC (Fig. 1B) suggested relatively greater activation in C allele carriers in the siblings and healthy volunteers, an allele association that appeared to be reversed in patients.
An important factor that may complicate the interpretation of fMRI-based working memory data is task performance, as prefrontal cortical underactivation is, in general, associated with poor performance (Callicott et al., 2003b) . Thus, it is conceivable that the divergent directionality of genotype association is be- cause of the poorer performance in the patients. However, supplementary analyses in a total sample of n ϭ 395 subjects with performance-balanced diagnosis and genotype subgroups (F (2,394) Ͻ 0.6, p Ͼ 0.5) suggested that the observed directionality of NRG3 allele effects in DLPFC is not explained by differences in task performance (MNI: x ϭ 36, y ϭ 39, z ϭ 12; T ϭ 3.6; P FWE ϭ 0.04, corrected within DLPFC ROI). Also, no differential correlation between prefrontal activity and behavioral performance across genotypes and across diagnostic groups were observed. Finally, as striking as the genotype effects appear to be, analyses of BOLD signals in the locations in VLPFC and DLPFC showing NRG3 genotype effects did not provide any evidence for a corresponding effect of diagnosis (i.e., prefrontal inefficiency) in the healthy siblings of schizophrenia patients relative to controls ( p Ն 0.05, uncorrected) (Callicott et al., 2003a; Rasetti and Weinberger, 2011) . This suggests that the genotype effects on prefrontal function, albeit highly significant in their own right, are not directly linked to the n-back-related neurophysiologic phenotype that is linked to increased genetic risk for schizophrenia in these subjects.
Discussion
In this study, we provide novel evidence that a schizophrenia risk-associated polymorphism in NRG3 (rs10748842) impacts prefrontal cortical physiology during working memory performance. We had predicted that, like a number of other schizophrenia risk-associated genes, NRG3 would show association with a variation in prefrontal cortical physiology (i.e., inefficiency) that also has been linked with an increased genetic risk for schizophrenia. That is, we expected that individuals carrying riskassociated genotypes would show less efficient engagement (i.e., hyperactivation for a given level of performance) of DLPFC than other genotype groups. Although we found evidence of this predicted association in a patient sample, we did not find this effect in healthy subjects or in healthy siblings of patients, who showed opposite allelic associations. It is this difference that constitutes the genotype by group interaction. Moreover, none of these genetic associations mapped to locales within prefrontal cortex that themselves were associated with increased genetic risk for schizophrenia (i.e., showing greater activation in siblings than controls matched for performance). In other words, whereas we report strong NRG3 association with prefrontal cortical physiology, we cannot conclude that this is the neurophysiological mechanism of the association of NRG3 with schizophrenia.
Specifically, we observed a whole-brain significant increase in activation in VLPFC in healthy control carriers of the rs10748842 nonrisk C allele. Given that a sole analysis of control individuals Figure 1 . Effects of NRG3 rs10748842 on prefrontal cortex physiology during working memory performance. A, Significantly greater activation of the VLPFC during working memory performance in healthy volunteers carrying one or two C alleles compared with T/T homozygotes during 2-back performance relative to 0-back performance (Z ϭ 4.7; p ϭ 0.008, whole-brain FWE corrected). B, Significant group by NRG3 genotype interaction effects on DLPFC activation during working memory performance (Z ϭ 4.6; p ϭ 0.016, whole-brain FWE corrected). The bars represent means across subjects, and the error bars represent SEM. C, The activation map of the group by genotype interaction analysis is overlaid on sagittal and coronal sections of a structural template image ( p ϭ 0.001, uncorrected, for presentation purposes). The color bar represents t values. Notably, the unstandardized effect sizes in A and B are at the order of 0.1% whole-brain mean changes in BOLD signal, indicating that the large sample size did not sensitize our analyses to trivial effect sizes.
runs the risk of identifying allele effects that have little or no relationship to the disorder itself, we also conducted a secondary analysis in which we included controls, schizophrenia patients, and their unaffected siblings. Here, we observed a whole-brain significant genotype by group interaction effect in DLPFC suggestive of a relative activation increase in healthy volunteers and healthy siblings carrying the nonrisk C allele, but a relative activation decrease in patients carrying the C allele. Although this result is statistically compelling, the prefrontal cortical region involved is not the same locale in which siblings show greater inefficiency than controls. Recall that performance was balanced between genotype groups or was used as a nuisance variable and can thus (in principle) not be invoked to explain these effects.
These inconsistencies notwithstanding, our data provide novel evidence that a schizophrenia-associated polymorphism in NRG3, which has previously shown molecular association to NRG3 mRNA splice isoform expression in PFC, has a strong impact on PFC physiology during working memory performance. Previous associations to disease status, delusion, and positive symptom severity have been reported in this patient population to the T allele (Kao et al., 2010) . However, in controls and siblings, who performed normally on the task, the observation of decreased engagement of DLPFC and VLPFC in T/T individuals compared with C allele carriers suggests that the T/T genotype is associated with a more efficient prefrontal physiology, an unexpected result compared with many risk genes studied with fMRI during working memory in healthy subjects. However, opposite directionalities of genetic associations in patients compared with controls have been reported (Meyer-Lindenberg et al., 2007; , but the interpretation is particularly complicated here, because the extracted analysis revealed a significantly reduced DLPFC engagement in the patient group (i.e., "hypofrontality," not "inefficiency") compared with the other two groups. Whereas hypofrontality has generally been related to poorer task performance in patients (Callicott et al., 2003b) , our supplementary analyses in performance-balanced subgroups suggests that differences in task behavior do not explain the variant directionality of allele effects in patients.
Another consideration is the possibility that the associations of NRG3 with schizophrenia and with prefrontal physiology are orthogonal. For example, although we replicated prior evidence for a classical intermediate phenotype physiology within DLPFC (i.e., healthy siblings showing relative cortical engagement intermediate between patients and controls), the same empirical link could not be established for the specific locations within DLPFC and VLPFC showing associations to NRG3 genotype. For this link, differences in BOLD response would be expected that follow the physiological pattern of a disproportionate activation increase in patients relative to controls, and an intermediate activation level in healthy siblings of patients, which was not evident in the areas showing NRG3 genotype effects in this study. Also, the observation that risk-associated genotypes are relatively more efficient in both controls and healthy siblings suggests that the schizophrenia risk-associated mechanism of NRG3 is not related to the prefrontal inefficiency intermediate phenotype, per se, which has been linked with a number of other risk-associated genes (Rasetti and Weinberger, 2011) . Third, the observation that healthy siblings show similar genetic association as do unrelated normal control subjects suggests that the different direction of association in patients is related to state of illness factors not shared by the siblings, e.g., a potential interaction between NRG3 genetic variation and antipsychotic medication effects. Interestingly, the proposed genotype by medication interaction may also explain prior analogous reports at the cognitive-behavioral level where a protective effect of the minor allele was detected in medicated patients (Morar et al., 2011; Meier et al., 2013) . Potentially consistent with our observations, a similar flip in allele effects was observed in healthy controls (Morar et al., 2011) , whereby the minor nonrisk allele was associated with poorer cognitive performance. Although the neural system link between NRG3 and risk for schizophrenia may not be based on prefrontal cortical physiologic inefficiency, other risk-associated imaging phenotypes [e.g., hippocampal-prefrontal coupling (Rasetti et al., 2011) , cingulate activation , or hippocampal activation (Rasetti et al., 2014) ] may be more informative. These are subjects of future studies.
There is an additional but more speculative explanation for our findings that merits comment. Our results raise the question of whether a genetic advantage in normal individuals may translate into a disadvantage in the context of other genetic factors or disease-associated abnormalities, including abnormal prefrontal cortical function in schizophrenia. This explanation has been offered for similar dissociable genetic effects in other schizophreniarelated genes (Meyer-Lindenberg et al., 2007) . However, we have no data to further illuminate this possibility.
In summary, we present evidence implicating NRG3 in brain processes related to schizophrenia and demonstrate that NRG3 genetic variation impacts neural function in human brain. However, the link between the effect of this variation in NRG3 on prefrontal function and its role as a schizophrenia risk factor is likely complex and related to a presently undefined neural systems-level mechanism. Our data underscore a crucial but often overlooked conceptual distinction in psychiatric imaging genetics: the observation of a statistical association between a genetic risk variant and a plausible neuroimaging phenotype alone is not sufficient to establish a convincing empirical link between this variant and the underlying neural mechanisms that translate the genetic risk for the disease into complex disease phenotypes (Rasetti and Weinberger, 2011) .
